INTRODUCTION
Atypical teratoid/rhabdoid tumors (AT/RT) are highly malignant tumors of the central nervous system (CNS). 1 Among children below the age of 3 years, AT/RT constitute the most common malignant CNS tumors (17.3%), followed by medulloblastomas (16%) and primitive neuroectodermal tumors of the CNS (13.3%). 2 In a population-based study, the age-standardized incidence rate of AT/RT was calculated at 1.38 per 1 000 000 person-years. 2 The median age at diagnosis is between 14 and 24 months, with boys more commonly affected than girls. [1] [2] [3] [4] [5] [6] [7] [8] [9] Infratentorial location has been reported in 38-65% of AT/RT and up to 1/3 of patients with AT/RT present with metastatic disease at diagnosis. [1] [2] [3] [4] [5] [6] [7] [8] [9] Prognosis of patients with AT/RT is generally poor. The vast majority of patients develop early local progression or recurrence ± distant metastases within 1 year following diagnosis. [1] [2] [3] [4] [5] [6] [7] [8] Among various clinical parameters, younger age and presence of metastases were most consistently associated with a worse outcome. 4, [5] [6] [7] 9 In terms of treatment, a gross total resection 2, 4, 5, 8 and radiotherapy 5, 6, 9 seem to contribute to a prolongation of survival.
The impact of high-dose chemotherapy (HDCT) with auto-SCT on prognosis is unclear. The aim of the present retrospective analysis was thus to report the clinical characteristics and outcome of 19 children with AT/RT who underwent HDCT within the European Rhabdoid Registry (EU-RHAB) and the previous registry Rhabdoid 2007.
PATIENTS AND METHODS

Aims of EU-RHAB and rhabdoid 2007
The primary goal of the EU-RHAB registry is to optimize the management of patients with rhabdoid tumors of all anatomical sites. Thus EU-RHAB serves as a platform for the standardized registration of epidemiologic-, molecular-, clinical-and treatment-related data. EU-RHAB contains 1 Division of Pediatric Hematology and Oncology, Department of Pediatrics and Adolescent Medicine, Medical University of Graz, Graz, Austria; treatment recommendations based on the best available evidence including published data sets, the investigators' own experiences and data from the German, Austrian 
Diagnostic evaluation
Complete CNS staging including contrast-enhanced magnetic resonance imaging (MRI) of the entire neuraxis and cytological analysis of cerebrospinal fluid (CSF) was strongly recommended for all patients at diagnosis. Extraneural metastases were excluded by clinical examination and imaging studies. Follow-up MRI was recommended following cycles 2, 4, 6 and 9 of intensive chemotherapy. However, the clinical course often necessitated MRI at shorter intervals. Complete neuraxis staging was performed in 16/19 patients (84%). Central pathological review was performed at the time of diagnosis in 18 patients (95%) either at the Neuropathology Reference Centre of the HIT network (Institute of Neuropathology, University of Bonn, Germany, n ¼ 12), the Institute of Neuropathology, University Hospital Mü nster, Germany (n ¼ 4), or at the Department of Pathology, University La Sapienza, Rome, Italy (n ¼ 2). In one patient, diagnosis was established only by cytology of CSF cells followed by FISH for SMARCB1 deletion as the patient was deemed inoperable. Genetic testing for germline mutations of SMARCB1 was performed in 13 patients (68%) as previously described; 10 in four of them (patients 5, 6, 13 and 15) a germline mutation was identified.
Chemotherapy (Rhabdoid 2007)
Postoperative chemotherapy contained a total of nine cycles of alternating VCD and ICE (see below) with concomitant age-adjusted intraventricular MTX via the Ommaya or Rickham reservoir (Supplementary Figure 1) . The registry documents of Rhabdoid 2007 and EU-RHAB provided also detailed guidelines on the administration of intraventricular MTX in the presence of a ventriculoperitoneal (VP) shunt. In our series two patients had a VP shunt with a pressure regulating valve and 2 subduroperitoneal shunts. In all cases the guidelines were strictly followed.
VCD consisted of VCR (1.5 mg/m 2 /day; days 1, 8 and 15), CY (1800 mg/ m 2 /day; day 1) and doxorubicin (37.5 mg/m 2 /day; days 1 and 2). ICE consisted of ifosfamide (2 g/m 2 /day; days 1-3), carboplatin (600 mg/m 2 / day; day 1) and etoposide (100 mg/m 2 /day; days 1-3). Drug doses were calculated in kg body weight in children under the age of 12 months (VCR o36 months).
Chemotherapy (EU-RHAB)
Chemotherapy also included nine cycles of doxorubicin, ICE and VCA with concomitant age-adjusted intraventricular MTX (o2 years: 0.5 mg, 2-3 years: 1 mg, 3 years: 2 mg; 4 doses during doxorubicin, 3 doses during VCA and 4 doses during ICE cycles) ( Supplementary Figures 2 and 3) . Doxorubicin was given as a single agent at 37.5 mg/m 2 /day on days 1 and 2. ICE chemotherapy was identical to that used in Rhabdoid 2007 except for a slight dose reduction of carboplatin (500 mg/m 2 /day). VCA consisted of VCR (1.5 mg/m 2 /day; days 1 and 8), CY (1500 mg/m 2 /day; day 1) and actinomycin D (25 mg/m 2 /day; days 1 and 2). For infants o6 months or o10 kg, doses were further reduced to 2/3 or 1/2 in initial cycles and were adjusted according to tolerance.
Maintenance chemotherapy
Maintenance therapy with trofosfamide, idarubicine, etoposide and temozolomide was recommended in patients with germline mutations, residual disease after termination of intensive therapy or slow response to treatment. In addition, patients who did not receive chemotherapy at full doses were candidates for maintenance therapy.
Radiotherapy
In children X18 months or older, radiotherapy had to be started as soon as possible. Children o18 months were irradiated only under exceptional circumstances. In the case of primary metastatic disease, RT might be delayed until the end of intensive chemotherapy (following cycle 9). Postponing radiotherapy was recommended in children p18 months until age permitted its use or following cycle 9. In children X18 months with localized AT/RT, the extended tumor region was irradiated with 54.0 Gy (1.8 Gy/day, 5 fractions/week). Patients with metastatic disease (Chang M1-M3, age 418 months to 3 years) were scheduled to receive craniospinal radiotherapy with 24.0 Gy (1.6 Gy/day). Boosts were delivered to the primary tumor site (54 Gy, 1.8 Gy/day) and circumscribed solid spinal and intracranial metastases (49.2 Gy, 1.8 Gy/day). In children older than 3 years with metastatic disease (Chang M1-M3), the craniospinal axis dose was 35.2 Gy.
High-dose chemotherapy
Within the Rhabdoid 2007/EU-RHAB registries, the use of HDCT was at the discretion of the treating physician ( Supplementary Figures 2 and 3 ). As individual centers and some countries prefer to employ HDCT in patients with AT/RT, the protocol aimed to harmonize transplant strategies. The HDCT protocol recommended a conditioning regimen based on carboplatin (500 mg/m 2 /day; days À 6 to À 4) and thiotepa (300 mg/m 2 /day; days À 6 to À 4). Stem cell harvest had to be performed after the first ICE cycle. If indicated, stem cell collection might be repeated after the second ICE cycle. Stem cell mobilization and processing were performed according to standard procedures. A minimum of 3 Â 10 6 CD34 þ stem cells per kg body weight was required for transplantation. Other conditioning regimens (Table 2 ) used were carboplatin (500 mg/m 2 /day on days À 8 to À 5) and etoposide (250 mg/m 2 /day on days À 8 to À 5) for the first and thiotepa (300 mg/m 2 /day on days À 4 to À 2) and CY (1500 mg/m 2 / day on days À 4 to À 2) for the second transplantation in five patients who underwent tandem auto-SCT. In one patient who received tandem auto-SCT conditioning consisted of thiotepa (150 mg/m 2 /day on days À 5 to À 4) and melphalan (40 mg/m 2 /day on days À 5 to À 3 and 20 mg/m 2 / day on day À 2 (total melphalan dose 140 mg/m 2 )) for the first and second transplant. Three patients received conditioning with carboplatin and etoposide (doses as above).
Data extraction and statistical analysis
All data were extracted without direct personal identification. Treatment centers were contacted by the EU-RHAB study center in order to obtain the most recent follow-up information. Events other than relapse or progression did not occur. The influence of risk factors (age, gender, metastases at diagnosis, extent of resection, achievement of CR prior to HDCT, radiotherapy and presence of SMARCB1 germline mutations) in disease progression was tested using the log-rank test. R 2.15.2 (www. r-project.org) and package survival version 2.36-5 were used for calculations. Asymptotic 95% confidence limits were calculated on the log-log of the survival function. Results were updated as of 31 January 2013.
RESULTS
Clinical characteristics
Basic clinical characteristics of study patients are shown in Table 1 . The median age at diagnosis was 21 months (range, 0-64) with a strong male predominance of 3.75:1. Nine patients (47%) had metastatic disease at diagnosis (positive CSF, n ¼ 4; solid CNS metastases, n ¼ 2; positive CSF and solid CNS metastases, n ¼ 3). Tumor location was supratentorial in 11 and infratentorial in eight patients. Two of the patients with SMARCB1 germline mutations presented with synchronous peripheral malignant rhabdoid tumors (Table 1) . One patient (patient 13) has been reported previously. 11 Briefly, a 2-year-old boy with mosaic Klinefelter syndrome was primarily found to have metastatic medulloblastoma and was treated according to the Italian protocol for high-risk medulloblastoma. He was in CR until the age of 7½ years when he developed an isolated spinal lesion, which was subtotally Auto-SCT in children with AT/RT M Benesch et al Spinal relapse of an infratentorial tumor originally considered to be medulloblastoma was treated according to the EU-RHAB.
Auto-SCT in children with AT/RT M Benesch et al removed. Histopathological (re-) evaluation of both the spinal and previous cerebellar lesion revealed AT/RT. Genetic testing for rhabdoid tumor predisposition syndrome was positive. Subsequent treatment was performed according to the EU-RHAB recommendations.
Treatment prior to high-dose chemotherapy Treatment-related data of study patients are summarized in Tables 1 and 2 . All patients underwent initial surgery (total resection, n ¼ 5; partial or subtotal resection, n ¼ 11; biopsy, n ¼ 3) and conventional induction chemotherapy prior to HDCT. The median number of pretransplant chemotherapy cycles was 6 (range, 2-9). As the Rhabdoid 2007 registry did not contain any specific recommendation concerning HDCT, it was at the discretion of the treating physician when to proceed with HDCT. Ten of the 13 patients included in the EU-RHAB completed the six planned chemotherapy courses prior to HDCT as per protocol. Two patients received one and two additional courses at the discretion of the treating physicians, respectively. The remaining patient progressed under chemotherapy and received only 5 cycles. Radiotherapy was performed in 14 patients (first-line, n ¼ 9; following progression, n ¼ 5); 12 of these patients received local and two received craniospinal radiotherapy.
High-dose chemotherapy
The median age at the time of transplantation was 29 months (range, 6-98). HDCT was used as part of the first-line treatment in 12 study patients. In seven patients, HDCT was performed as salvage treatment following first relapse or progression. Six study patients underwent tandem auto-SCT. Carboplatin/thiotepa (n ¼ 10) was the most commonly employed regimen, followed by carboplatin/etoposide (n ¼ 8), CY/thiotepa (n ¼ 5) and thiotepa/ melphalan regimens (n ¼ 2) ( Table 2 ). In the vast majority of patients, conditioning was based on carboplatin (n ¼ 18) and/or thiotepa (n ¼ 17). Disease status before HDCT was CR in six, PR in eight, stable disease in two and progressive disease (PD) in two patients (data missing, n ¼ 1). In two patients, remission status (CR/PR) was achieved by second look surgery following relapse. A median of 9.4 Â 10 6 CD34 þ cells per kg body weight (range, 1.2-37.4) was infused. All patients engrafted. TRM was 0%.
Clinical course and status of remission With a median follow-up of 16 months (range, 8-83), 14 patients (74%) progressed. Estimated PFS and OS at 2 years were 29% ( ± 11%) and 50% ( ± 12%), respectively (Figures 1a and b) . At last follow-up, eight patients were alive (first CR, n ¼ 4; second CR, n ¼ 2; PR, n ¼ 1; PD, n ¼ 1). Eleven patients died of PD. The median estimated time-to-progression was 14 months. The first recurrence was a local progression in five, a locoregional relapse in four and a distant relapse in four patients. One patient had a combined local and distant progression.
None of the parameters tested had an impact on PFS or OS. Of seven patients who underwent HDCT following progression or relapse, two (patients 4 and 13) were alive at last follow-up in second CR 32 and 24 months after relapse (28 and 17 months after HDCT). Both patients had received additional local radiotherapy following relapse.
Of 12 patients who were transplanted as part of their first-line treatment, four (patients 5, 17, 18 and 19) were in first continuous CR 49, 15, 83 and 43 months after diagnosis. Ages at diagnosis of these patients were 0, 21, 20 and 13 months. Three had a supratentorial and one an infratentorial AT/RT. One patient (patient 17) had positive CSF cytology at the time of diagnosis; none had solid metastases. Local radiotherapy at 54-60 Gy was delivered in three patients (prior to HDCT, n ¼ 1; following HDCT, n ¼ 2).
Of note, two patients with germline SMARCB1 mutations are in first (patient 5) or second (patient 13) CR. The two other patients with germline SMARCB1 mutations died of PD 26 and 18 months after diagnosis.
Late effects in long-term survivors The late effects of the previously reported patient are described in detail elsewhere. 11 Of the remaining four long-term survivors (X24 months follow-up from diagnosis), one (patient 19) suffers from eye movement dysfunction (strabismus), mild ataxia and mild dyslalia. One patient (patient 18) has tumor-associated leftsided hemiparesis and facial nerve paresis already present at the time of diagnosis. Both patients developed bilateral sensorineural hearing loss requiring a hearing aid in one of them and (currently unsubstituted) growth hormone deficiency. They also demonstrate delay of language development; hence they attend a special preschool class and receive additional speech and educational training. A developmental delay, ataxia of the trunk, amblyopia and strabism were observed in patient 4, whereas in patient 5, who attends a normal kindergarten, no late sequelae are documented.
DISCUSSION
Although intensive multimodality treatment 12, 13 has been shown to improve survival in a proportion of patients with AT/RT, data concerning the use of HDCT are still conflicting and limited to case reports and few retrospective case series. 5, 8, [14] [15] [16] [17] [18] [19] [20] [21] These reports are Auto-SCT in children with AT/RT M Benesch et al summarized in Table 3 . The number of patients included in these studies ranges from 3 to 32. 5, 8, [14] [15] [16] [17] [18] [19] [20] [21] In the larger series, a 2-year (event-free or overall) survival of up to 50% has been reported. 8, 21 Recently, a retrospective, non-randomized Canadian study has demonstrated a statistically significant survival benefit in patients who had undergone HDCT. 8 A descriptive analysis of 26 long-term survivors after HDCTarbitrarily defined as surviving without evidence of disease X24 months from diagnosis-included in the present and previous series 5, 8, [14] [15] [16] [17] [18] 20 revealed a median age at diagnosis of 18 months (range, 0-49). Supra-and infratentorial AT/RT were almost equally represented (12:14) . In the vast majority of patients (n ¼ 19), the tumor was localized at diagnosis; only three patients had metastatic disease (data on the disease stage not available, n ¼ 4). A complete resection was achieved in 17 patients. Radiotherapy was administered in seven patients as part of initial treatment and in five patients at relapse. Fourteen patients (53%) did not receive any radiotherapy. Of note, a small number of patients (n ¼ 6) in these studies were in remission but had shorter (o24 months) follow-up. The high proportion of non-irradiated patients indicates that HDCT is used in a considerable number of patients to avoid radiotherapy and, in fact, this approach might occasionally be successful. Another goal of HDCT is to rescue patients who had experienced disease progression. Five of the 26 patients who survived 42 years were transplanted following PD and achieved a second remission. All five patients underwent irradiation at the time of relapse; in three of them second surgery was performed. Thus, radiotherapy seems to be critically important in achieving a second remission following PD. Three of the 26 patients had metastases at diagnosis, indicating that only a small minority of patients with disseminated disease will ultimately reach long-term survival.
So far, HDCT has generally been well tolerated with low TRM. One out of 13 patients died from toxic death in the study by Hilden et al. 5 Among patients (n ¼ 7) treated according to the Head Start II protocol, one patient died from meningitis and another from secondary leukemia. 20 In other studies, no treatment-related deaths were explicitly reported. 8, [15] [16] [17] [18] In contrast, the best treatment results in patients with AT/RT reported to date were achieved by an intensive multimodality treatment based on systemic and intrathecal chemotherapy and radiotherapy. PFS and OS at 2 years were 53% and 70%, respectively. Craniospinal and primary site doses in the Rhabdoid 2007 and EU-RHAB registries were identical to those used in the study by Chi et al. 12 which enrolled 20 patients with AT/RT. Eleven of them received conformal RT and two of them relapsed. Among the four patients who received craniospinal irradiation, three have experienced relapse.
Age was a significant prognostic parameter in some, 4,5,7,9 but not all studies. 6, 8, 12 As the median age at diagnosis of patients who receive radiotherapy is higher than in non-irradiated patients, 4,5 the better outcome of older patients most probably reflects the fact that these patients are more likely to be subjected to radiotherapy. However, none of the studies is presently able to answer the question whether or not older age is per se a good prognostic factor.
The present multi-institutional series is one of the largest studies on HDCT in children with centrally reviewed AT/RT. Striking clinical characteristics were the strong male predominance (3.75:1) and more importantly the high proportion of patients with metastatic disease (47%). Despite this negative selection, 2-year PFS (29±11%) and OS (50±12%) in our study are comparable to those reported by others. Radiotherapy appears to have contributed to the positive outcome in our long-term survivors. Complete CNS staging and central pathological review could be obtained in 84 and 95% of study patients. With 13 of 19 patients analyzed, this study also includes the most comprehensive data for SMARCB1 germline mutations in AT/RT patients treated with HDCT. Mutations were detected in 4/13 analyzed patients, which is an expected frequency; 22 interestingly, two of these patients are long-term survivors. Treatment recommendations were less consistently followed (for example, carboplatin/thiotepa was used as conditioning in 10/19 patients) reflecting the lack of evidence concerning optimal treatment of AT/RT. However, with increasing acceptance and recruitment numbers a stricter adherence to protocol guidelines is expected.
CONCLUSION
Although current evidence suggests that approximately one-third of patients with AT/RT can achieve sustained remissions after HDCT, the question which patient might eventually benefit from this approach cannot be answered based on available data. The present series are limited by small patient numbers, heterogeneous study populations and a non-randomized and retrospective study design. HDCT might be useful in patients with localized disease, good response to induction chemotherapy and no or small residual tumor following conventional therapy. In addition, the impact of each treatment modality on long-term survival remains to be elucidated. A meta-analysis of all available patients' data might help to better define prognostic factors. The definitive role of HDCT, however, has to be evaluated in a randomized study.
